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SUMMARY 


This  project  addresses  the  several  challenges  associated  with  incorporating  structural  ceramics  in  future 
aerospace  applications:  (1)  the  challenges  associated  with  ceramics  are  improving  strength,  toughness  and 
creep  resistance  retaining  the  mechanical  properties  at  elevated  temperatures  and  (2)  to  elucidate  and 
demonstrate  the  multifunctional  potential  of  the  polyphase  eutectic  structures. 

We  pursued  these  objectives  simultaneously  in  order  for  structural  ceramics  to  be  incorporated  into 
aerospace  applications.  We  report  progress  on  three  different  areas: 

1.  The  mechanical  properties  of  polyphase  A^TiOs  -  AI2O3  system  eutectic,  which  showed  superior 
mechanical  properties  than  the  either  constituent  alone  due  to  the  strong  constraining  effects 
provided  by  the  coherent  interfaces  and  microstructure. 

2.  The  preliminary  results  on  ultra  high  temperature  eutectic  materials  development  through  a  new 
initiative  entitled  Boride  Eutectic  Project.  These  results  first  time  organize  and  populate  materials 
property  databases,  and  utilize  an  iterative  feedback  routine  to  constantly  improve  the  design 
process  of  the  boride  eutectics  LaB6-MeB2  (Me  =  Zr,  Hf,  Ti,  Eu)  are  currently  being  developed  by 
Dr.  Filipov  and  Dr.  V.  Pademo  at  the  Ukrainian  Academy  of  Sciences  and  modeled  by  Dr. 
Kartuzov. 

3.  Directionally  solidified  eutectic  ceramic  process  yields  microstructures  that  have  eutectic 
architecture  of  a  continuous  reinforcing  phase  within  a  higher  volume  phase  or  matrix,  can  be 
described  as  a  naturally  occurring  in-situ  composite.  The  physical  properties  of  polyphase  eutectic 
structure  offer  unique  potential  for  multifunctional  material  development.  We  have  previously 
reported  on  the  progress  of  hydrogen  membrane  and  thus  we  will  include  in  this  report  the 
significant  progress  that  we  achieved  on  this  topic  since  it  will  be  reported  separately  by  Drs. 
Marie-Helen  Berger  /Ecole  des  Mines  des  Paris  and  Pascal  Berger  /  Laboratory  Pierre  Sue-France. 
The  publication  list  provided  at  the  end  of  the  report  will  give  good  insight  about  the  solid 
progress  on  high  temperature  proton  conducting  membranes.  We  reported  also  preliminary  results 
on  a  new  class  thermoelectric  materials  for  load  bearing  and  waste  heat  recovery  applications 
which  are  truly  multifunctional  materials.  This  work  is  ongoing  and  detailed  information  will  be 
provided  next  year. 

For  the  duration  of  first  year,  we  published  27  journal  articles.  The  list  of  our  publications  provided  in  the 
Appendix.  The  quality  and  number  of  publications  demonstrates  a  tremendous  progress  for  the 
multifunctional  material  development  for  aeronautic  and  aerospace  structures.  We  organized  an 
international  conference  on  December  2006  on  the  directionally  solidified  eutectic  ceramic  in  Kyoto, 
Japan, 
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I)  Progress  Report  on  Directional  Solidification  of  AhTiOs  -  AI2O3  System  and 

and  Characterization  of  Intergrowth  Formation  of  A^T^On  and  A^TiOs  Phases 


Directionally  solidified  eutectic  (DSE)  ceramics  have  the  potential  as  structural  components  at  elevated 
temperatures  in  applications  ranging  from  aerospace  to  energy  harvesting.  The  strong  interphase  bonding 
and  large  aspect  ratio  of  the  constituent  phases  characteristic  of  the  directionally  solidified  eutectic 
ceramics  are  in  large  part  responsible  for  their  superior  creep  resistance  and  high  temperature 
microstructural  stability  [I].  The  interfaces  between  the  two  phases  of  eutectic  structure  typically  adopt 
low-energy  orientation  relationships  during  the  directional  solidification  process,  this  provides  strong 
bonding  [  5,  6,  7]  and  prevents  significant  interface  debonding.  The  degree  of  microstructural  anisotropy 
of  DSE  ceramics,  although  a  necessary  condition  in  promoting  improvements  in  high  temperature 
mechanical  properties,  is  insufficient  to  achieve  higher  toughness.  The  eutectic  lamellae  have  little  effect 
in  diverting  the  path  of  the  fracture  crack.  It  is  however  conceivable  that  through  incorporation  of 
controlled  amounts  of  primary  phase,  the  fracture  energy  of  a  brittle  eutectic  matrix  could  be  increased. 
The  protruding  plates  or  rods  are  expected  to  promote  crack  deflection  at  the  interfaces  between  eutectic 
and  primary  phase  in  carefully  engineered  systems.  To  examine  these  postulations,  Al2Ti05  -  AI2O3 
system  was  selected  for  directional  solidification  study.  The  range  of  structures  that  can  be  produced  by 
off-eutectic  solidification  was  examined  to  determine  the  increase  in  toughness  that  can  be  obtained  by 
introducing  a  controlled  amount  of  primary  phase.  Examination  of  the  alumina  rich  part  of  the  pseudo 
binary  AI2O3  -  Ti02  phase  diagram  indicates  a  eutectic  invariant  point  at  44  mole  %  of  Ti02,  between 
AI2O3  and  Al2Ti05  [  8,  9,  10].  For  lower  titania  content,  the  off  eutectic  composition  is  expected  to 
solidify  into  primary  alumina  dendrites  or  plates  embedded  in  an  A1203  -  Al2Ti05  eutectic  matrix.  The 
AI2O3  -  Al2Ti05  eutectic  structure  is  expect  to  consist  of  two  interpenetrated  single  crystals  of  A1203  and 
AI2Ti05.  The  primary  alumina  phase  would  act  as  a  high-stiffness  reinforcing  component  to  carry  the  load 
and  provide  strength.  This  work  aims  to  utilize  the  anisotropy  of  the  pseudobrookite  structure  of  AI2Ti05 
phase  [11]  and  high  thermal  expansion  mismatch  between  AI2O3  and  Al2Ti05  phases  to  realize  improved 
toughness.  It  is  expected  that  controlled  microcrack  formation  will  be  promoted  along  specific  AI2O3  and 
Al2Ti05  interfaces  or  in  one  of  the  constituent  phases  [  12,  13].  The  length  of  the  cracks  would  be 
restricted  by  the  tortuosity  of  the  primary  phase  and  orientation  changes  of  the  A^CVAbTiOs  interfaces  in 
the  eutectic  structure.  The  microcracked  matrix  and  weak  interfaces  would  contribute  to  the  toughness  of 
the  in-situ  composite.  The  proposition  of  the  weak  interface  between  the  constituent  phases  for  the  in-situ 
composite  requires  an  in-depth  understanding  of  the  interface  structure. 

The  selection  of  directional  solidification  approach  implemented  in  present  work  as  a  processing 
method  of  AI203  -  Al2Ti05  system  had  at  least  two  advantages.  First,  the  solidification  approach  is 
expected  to  facilitate  the  understanding  of  the  toughening  mechanisms  in  the  AI2O3-AI2T1OS  eutectic 
system  [  14,  15].  As  will  be  discussed  extensively,  the  decohesion  along  the  interfaces  between  alumina 
primary  phase  and  eutectic  matrix  phase  is  also  expected  to  occur  locally  and  globally  by  the  same 
mechanism  and  to  increase  the  toughness.  Finally,  the  A^TiOs  is  very  difficult  to  sinter  due  to  microcrack 
formation  and  as  a  result  of  this  it  has  a  very  poor  strength.  Thus,  there  is  an  interest  to  improve  the 
mechanical  strength  and  toughness  concurrently.  The  directional  solidification  approach  offers 
opportunity  to  engineer  structures  that  can  have  high  strength  and  high  toughness  concurrently  [  14,  15]. 
In  addition,  the  phase  diagram  of  Al203-Al2Ti05  system  [  8,  9,  10]  and  the  expected  solidification  reaction 
at  the  eutectic  invariant  point  was  attractive  to  produce  desirable  phase  distribution  and  microstructures. 
This  report  presents  characterization  of  the  structure,  morphology  and  distribution  of  phases  and  their 
solidification  from  the  alumina  rich  side  of  the  phase  diagram.  A  systematic  electron  optic  study  was 
carried  out  to  elucidate  the  new  phase  that  has  not  been  reported  in  previous  phase  diagrams  and  an  outline 
of  an  alternative  phase  diagram  has  been  proposed.  The  microstructural  characterization  presented  in  this 
report  also  aids  for  the  understanding  of  the  toughening  concept  of  polyphase  structures  that  promotes 
microcrack  formation  and  debonding  [  14,  15] 

Results  are  organized  in  two  major  sections.  The  first  section  presents  the  analyses  of  the  phase 
distribution  up  to  the  micron-scale  by  the  combination  of  WDX,  SEM  and  XRD  experiments.  The  second 
section  is  devoted  to  the  nano-scale  investigation  of  the  structure  and  chemistry  of  the  interfaces  using 
TEM  and  STEM-EDX.  In  addition,  cell  parameters  of  the  phases  and  crystal  orientation  relationships  are 
presented  from  high  resolution  TEM  investigation. 
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3-1  Composition  and  distribution  of  the  phases 
Eutectic  composition  (43.9  mol  %  Ti02) 

The  solidification  at  the  eutectic  composition,  AT44,  produced  a  two  phase  lamellar  structure,  Fig  1. 
From  the  phase  diagram,  the  expected  phases  are  a-AI303  and  P-AI2Ti05.  However  the  corresponding  x- 
ray  diffraction  spectrum  shown  in  Fig  2  contained  no  alumina  peaks.  The  only  diffraction  peak  that  could 
possibly  be  originating  from  020  reflection  of  P-A^TiOs1  phase,  was  located  at  20=18.79°  and  marked  as 
“A”.  All  the  other  peaks,  marked  as  “V”,  had  a  significant  shift  from  the  expected  position  of  P-Al2TiOs 
diffraction  peaks.  The  quantitative  WDX  analysis,  shown  in  Figure  3,  demonstrated  that  the  composition 
of  the  major  phase,  shown  as  darker  phase  in  Fig.  1,  was  close  to  the  nominal  composition  of  AI6Ti20i3 
(3AI203  •  2Ti02).  The  composition  of  the  brighter  phase  corresponded  to  that  of  the  nominal  composition 
of  Al2Ti05  (AI203  •  Ti02)  phase.  The  phases  were  continuous  in  the  growth  direction  as  shown  in  Fig.  la. 
In  the  plane  normal  to  the  growth  direction,  the  minor  phase  of  Al2Ti05  was  discontinuous  as  shown  in 
Fig.  lb  and  the  lamellae  were  arranged  in  colonies  of  distinct  orientations.  Although  colony  boundaries 
were  very  small  in  comparison  to  other  oxide  eutectic  structures  [20],  cracks  were  detected  in  the  colony 
boundaries.  The  lamella  width  was  approximately  2  pm  for  Al2TiOs  and  5pm  for  AI6Ti20i3. 

Off  Eutectic  Compositions  (11  and  26.4  mol  %  Ti02) 

The  XRD  spectra  of  the  materials  solidified  at  the  off-eutectic  compositions,  samples  ATI  1  and  AT26, 
showed  a  set  of  a-AI203  peaks  marked  as  in  Fig.  2.  The  others  peaks  belonged  to  the  set  of  peaks 
identified  for  the  "eutectic"  AT44  sample.  From  the  sample  ATI  1  only  one  weak  peak  could  be 
unambiguously  attributed  to  Al6Ti20i3  phase.  The  examination  of  the  SEM  images.  Fig  4  and  5, 
combined  with  WDX  analyses  showed  that  AI203  solidified  into  dendrites  (dark  phase)  as  primary  phase 
for  both  AT11  and  AT26  compositions.  These  primary  dendrites  were  surrounded  by  a  light  grey  phase 
containing  AI,  Ti,  and  O.  The  quantitative  WDX  analysis  of  this  Al-Ti-0  phase  was  carried  out  for  the 
AT26  composition  and  the  spatial  distribution  of  elements  is  shown  in  Fig.  6.  This  experimentally 
measured  composition  is  very'  close  to  that  of  the  molar  composition  of  Al6Ti20i3  (=  3  AI203  •  2Ti02).  The 
analysis  was  carried  out  at  one-micrometer  intervals  over  a  length  scale  of  30  pm  and  had  depth  and  lateral 
resolution  of  2  pm.  Uncertainty  in  concentration  measurements  for  Al,  Ti,  O  resulted  in  a  total 
concentration  of  101  wt%.  The  chemical  variation  in  the  length  scale  of  the  characterization  was  not 
significant  within  the  experimental  uncertainty.  The  inter-dendrite  phase  was  not  a  two-phase  eutectic. 
This  was  contrary  to  what  was  expected  from  the  phase  diagram  for  the  off  eutectic  solidification. 
Similarly,  a  thin  interdendritic  region  has  been  observed  in  the  samples  of  the  composition  ATI  1  and  due 
to  small  size  of  this  region  quantitatively  analysis  could  not  be  accomplished  using  WDX.  The  TEM 
analysis  shown  below  will  describe  that  this  phase  indeed  corresponds  to  Al6Ti20i3  composition  as  in  the 
AT26  sample.  A  third  phase  of  approximately  1  pm  in  width  could  be  detected  along  the  alumina 
dendrites  in  sample  AT26,  as  shown  with  arrows  in  Figure  5c  as  a  bright  phase.  The  small  width  of  this 
phase  prohibited  any  quantitative  analysis  by  WDX  and  hence  was  analyzed  with  TEM.  Neither  the 
results  relating  to  phase  content  nor  the  quantitative  phase  compositions  determined  from  the  specimens 
solidified  at  the  off-eutectic  composition  does  agree  with  the  previously  published  phase  diagrams  [  21]. 
Although  solidification  condition  is  by  definition  is  not  an  equilibrium  process,  these  findings  have  an 
important  conjecture  for  the  existing  phase  diagram  that  is  worthy  to  emphasize. 

The  structure  of  the  directionally  solidified  ceramic  at  the  off-eutectic  composition  consisted  of  two 
spatially  different  microstructural  regions,  an  outer  rim  region  and  central  region.  The  outer  rim  region 
was  around  50  pm  in  width  for  the  ATI  1  and  150  pm  for  the  AT26  compositions  and  contained  closely 
packed  AI203  dendrites  (Fig.  4c,  5a, b)  that  were  strongly  tilted  up  to  45°  with  respect  to  the  growth  axis. 
The  lateral  dimensions  of  the  outer  dendrites  were  close  to  the  width  dimensions  of  the  outer  rims.  The 
central  regions  of  samples  ATI  1  and  AT26  exhibited  well-developed  dendrites  that  were  well  aligned  with 
the  growth  axis.  In  the  material  solidified  at  the  alumina  rich  side  of  the  phase  diagram,  sample  ATI  1  (1 1 
mol  %  Ti02),  the  length  of  the  dendrites  could  reach  2  mm  and  widths  of  20pm.  Cracks  were  observed  at 
the  A1203  /  Al6Ti20i3  interface.  Materials  solidified  at  26  mol  %  Ti02  composition  had  significantly 
smaller  dendrite  lengths  (up  to  1  mm)  but  larger  width,  ~50  pm,  in  comparison  to  11  mole  %  Ti02 
composition.  The  volume  fraction  of  the  AI203  dendrites  was  reduced,  and  they  were  highly 


1  In  this  work,  indexations  of  directions  and  planes  of  p-AI2TiOs  crystal  refer  to  orthorhombic  system,  with  a  c-face 
centred  unit  cell,  space  group  Cmcm,  a=3.593  A,  b=9.439  A,  c=9.647  A ,  in  accordance  with  notations  used  by 
Gobbelsetal.  [15],  Mazerolles  et  al.[  16  ],  Norberg  etal  [17],  Morosin  and  Lynch  [18]  and  JCPDF  card  41-0258 
describe  the  crystal  using  the  equivalent  space  group  Bbmm  ,  a=9.439  A,  b=9.647  A  ,  c=3.593  A. 
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interpenetrated  by  primary  Al6Ti2Oi3  phase.  Relatively  large  cracks  (up  to  200p,m)  were  found  throughout 
the  Al6Ti20i3  phase. 

3.2.  Structure  of  the  phases  and  interphases  developed  -  Orientation  Relationship  between  the  phases 
The  structure  and  chemistry  of  heterophase  interfaces  in  directionally  solidified  eutectic  structures  have  a 
major  impact  on  the  mechanical  performance  of  the  systems.  As  pointed  out  above,  the  resolutions  of 
techniques  (SEM,  WDX  and  XRD)  were  not  sufficient  to  identify  the  nature  of  the  bright  interphase 
between  A1203  and  Al6Ti2Oi3  for  the  off  eutectic  samples.  In  the  same  way,  the  interface  structure 
between  Al6Ti20i3  and  Al2TiOs  in  eutectic  samples  could  not  be  analysed.  This  section  presents  a  nano¬ 
scale  analysis  of  the  phases  and  interfaces  using  STEM-EDX  and  high  resolution  TEM. 

Interphase  between  CL-AI2O3  and  Al6Ti20n 

Figure  7a)  is  a  representative  TEM  micrograph  of  26  mol  %  Ti02  composition  with  the  Al6Ti20i3  matrix 
and  a  a-Al2C>3  dendrite  at  the  left  and  right  sides  of  the  micrograph,  respectively.  In  addition,  an 
interphase  was  observed  between  the  two  phases,  as  was  described  previously  on  the  SEM  image  of  Fig 
5c.  Qualitative  variations  of  Al,  Ti  and  O  concentrations  were  investigated  across  the  three-phase  region 
(shown  in  the  Fig.  7a  as  white  line)  using  STEM-EDX  profile  technique.  The  interphase  phase  was  richer 
in  titanium  than  the  nominal  Al6Ti2Oi3  composition  as  shown  by  Fig  7b.  High  resolution  TEM  images  of 
this  interphase  in  Figure  8a  shows  two  orthogonal  sets  of  planes  with  interplanar  distances  of  ~4.7  A  and 
~9 .6  A.  These  results  indicated  that  the  interphase  corresponded  to  the  Al2Ti05  phase  as  observed  in  [100] 
zone  axis  and  characterized  by  (020)  and  (001)  planes.  TEM  observations  have  been  undertaken  for  1 1 
mol  %  Ti02  composition  and  Fig.  9a  presents  a  representative  TEM  image  of  an  interdrendritic  region  and 
Fig.  9b  a  STEM-EDX  qualitative  profile  across  the  interphase  region.  The  constituent  phases  and  HRTEM 
microstructural  analysis  results  were  analogous  to  those  of  AT26  and  thus  will  not  be  repeated  here. 

Cell  Parameters  of  AUTiyOn 

Figure  8b  is  a  high-resolution  image  of  Al6Ti2Oi3  from  location  depicted  in  the  left  side  of  Fig  7  and 
taken  in  the  same  orientation  of  the  TEM  foil  as  Fig.  8a  at  the  Al2TiOs  interphase.  Figure  8c  is  a  selected 
area  diffraction  (SAD)  pattern  of  Al6Ti2Oi3  for  the  same  [100]  zone  axis.  The  vertical  planes  have  inter¬ 
planar  distance  of  ~4.7  A  which  was  similar  to  d^o  of  Al2TiOs.  The  reflection  orthogonal  to  020 
corresponded  to  distance  of  12.5  A  and  was  assigned  to  001  of  Al6Ti2Oi3.  The  comparison  of  Fig.  8  a  and 
b  confirms  the  relationship  5d00j  AI  Tiq  «4d0Qj  Aj  Tl  q  .  Figure  10a  is  a  lattice  fringe  image  of  a 

Al6Ti2Oi3  -  Al2Ti05  interface  region  and  corresponding  Fast  Fourier  Transformation  (  FFT)  is  presented  in 
Figure  10b.  Both  phases  are  in  [001]  zone  axis.  Figure  10b  exhibits  020  reflection  (4.7  A)  of  Al2TiOs 
and  Al6Ti20i3,  and  1 10  (3.36  A)  reflection  of  Al2Ti05  at  69°6  from  020  reflection.  The  reflection  110  of 
Al6Ti2Oi3  is  slightly  closer  to  the  center  than  the  110  of  Al2Ti05  and  angle  between  the  100  and  110 
reciprocal  directions  for  Al6Ti2Oi3  is  also  smaller  than  for  Al2TiOs.  The  inter-planar  distance  of  the  110 
from  Al6Ti20i3  as  determined  from  Fig.lOb  is  3.4  A.  From  the  measurements  of  020,  001  and  110 
interplanar  distances  and  angles  the  structure  of  Al6Ti20i3  was  assumed  to  be  orthorhombic  with  the 
following  cell  parameters: 

a  =  3.65  A  ,  b  =  9.4  A  ,  c  ~  12.5  A  within  the  resolution  of  measurement  pertinent  to  SAD  and  FFT  of 
TEM  images. 

Orientation  Relationship 

Figures  11  and  12  are  HRTEM  images  of  Al6Ti2Oi3  /  A^TiOj  /  A12C>3  interphase  regions  in  off  eutectic 
sample  AT26.  The  thin  foil  was  extracted  from  a  cross  section  of  the  rod  that  was  perpendicular  to  the 
solidification  direction.  The  images  were  obtained  with  a  tilt  angle  closed  to  0°  and  Al6Ti2013  and  Al2TiOs 
were  observed  in  [100]  zone  axis.  In  this  configuration,  [100]  zone  axis  corresponds  to  growth  axis  of  the 
aluminum  titanate  phases.  The  a -,  b-,  and  c-  axes  of  Al6Ti2Oi3  and  of  Al2TiOs  were  aligned 
systematically.  Al6Ti20i3  /  Al2TiOs  interfaces  were  non  planar,  often  wavy  as  in  Fig  7  and  did  not 
correspond  to  dense  planes  of  the  structures.  The  identical  orientation  of  the  Al6Ti2Oi3  and  Al2TiOs  cells 
across  the  interface  was  favourable  for  a  simple  reconstruction  at  the  boundary  as  shown  in  Fig  12.  The 
interface  was  curved  and  was  not  observed  edge  on,  but  could  consist  of  (010)  nano-facets  to 
accommodate  the  disorientation  of  the  interface.  The  interface  plane  shown  in  Fig.  1 1  was  tilted  15°  from 
(010)  planes.  The  (001)  planes  are  continuous  across  the  AUT^O^/A^TiOs  interface  except  at  the  tip  of 
the  white  arrows  where  (001)  planes  of  Al2TiOs  terminate  at  the  interface.  The  misfit  between  (001)  planes 
of  Al6Ti2Oi3  and  Al2TiOs  was  accommodated  through  the  discontinuation  of  (001)  planes  of  Al2Ti05 
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without  clear  periodicity.  The  crystal  orientation  of  A1203  varied  from  one  dendrite  to  another  with  respect 
to  the  growth  axis.  In  a  given  specimen  when  aluminum  titanates  were  in  [100]  zone  axis  (growth  axis), 
low  index  zone  axis  of  alumina  could  not  be  found  as  shown  Fig  11,  whereas  CX-AI2O3  was  observed  in 
another  location  of  foil  in  the  [10-11]  zone  axis  as  shown  in  Fig  12.  As  a  result,  no  simple  orientation 
relationship  and  interfaces  between  Al2Ti05  and  A1203  were  ascertained  in  most  of  the  cases.  The 
interface  characteristics  of  ATI  1  composition  were  similar  to  aforementioned  results  of  AT26  and  will  not 
be  repeated  here. 

In  the  eutectic  sample,  the  a-,  b-,  and  c-  axes  of  Al6Ti20i3  and  of  Al2TiOs  phases  were  aligned 
systematically  and  the  growth  axis  was  parallel  to  the  [100]  direction.  The  long  axes  of  the  lamellae  were 
parallel  to  [010]  direction.  The  Al6Ti20i3/Al2Ti05  interfaces  were  built  along  (001)  planes,  as  seen  in  Fig 
13.  This  HRTEM  image  shows  a  super  structure  in  the  growth  sequence  of  the  (001)  planes  in  the 
"AUT^On"  phase.  The  following  section  presents  an  analysis  for  the  origin  of  this  superstructure. 

Intergrowth 

The  super  structure  in  the  growth  sequence  of  the  (001)  planes  revealed  in  the  matrix  phase  of  eutectic 
samples  gives  rise  to  periodic  superlattice  reflections  in  the  [001]*  reciprocal  direction  with  a  periodicity 
of  -7  nm.  This  superstructure  was  formed  by  the  intergrowth  of  the  Al2TiOs  and  Al6Ti20i3  phases.  The 
periodicity  of  ~7  nm  corresponded  to  a  supercell  made  of  one  block  of  Al2Ti05  (9.6  A)  and  five  blocks  of 
Al6Ti20i3  (12.5  A)  which  was  refereed  as  ”1:5".  Locally,  this  periodicity  could  be  broken  by  shorter 
sequences  of  intergrowth  such  as  one  block  of  Al2Ti05  and  four  blocks  of  AI6Ti20j3  or  ”1:4”.  Figure  13d) 
exemplifies  such  an  intergrowth  between  Al2Ti05  and  AI6Ti2Oi3  in  AT44.  The  Al2TiOs  blocks  were 
marked  with  diamonds,  and  the  sequence  is  1:5  -  1:4  -  1:5. 

Lines  of  black  contrast  were  observed  inside  the  Al6Ti20i3  phase  in  the  off  eutectic  sample  and  micrograph 
representing  this  attribute  is  shown  in  Figure  7a  (at  the  tip  of  the  double  arrows).  The  distribution  of  these 
defects  was  not  periodic  and  their  density  was  low.  The  high  resolution  image  shown  in  Figure  14 
revealed  that  the  contrast  was  associated  with  a  perturbation  in  the  stacking  sequence  in  the  [001] 
direction.  A  single  plane  with  an  interplanar  distance  of  ~9  A  was  inserted  between  the  planes  (001)  of 
Al6Ti2Oi3.  This  shows  evidence  of  some  degree  of  intergrowth  between  the  Al2Ti05  and  Al6Ti2Oi3  phases 
in  the  off  eutectic  also. 


3.5.  Eutectoid  Decomposition 

Samples  with  composition  of  1 1,  26  and  43.9  mol  %  Ti02  were  annealed  to  assess  the  stability  of  the 
Al6Ti2Oi3  phase.  Samples  were  heated  for  10  min  at  1400°C  (immediate  placement  in  the  furnace  which 
was  at  steady  state  temperature  and  immediate  removal  from  the  furnace  to  room  temperature  ).  For  these 
short  heat  treatments,  a  white  and  large  outer  rim  region  formed  around  a  dark  core  region.  The 
decomposition  of  the  Al6Ti2Oi3  phase  was  observed  after  heat  treatment  for  5  hours  at  1400°C  and  a 
representative  micrograph  of  a  heat  treated  sample  is  shown  in  Figure  15  for  the  26  mol  %  Ti02 
composition.  This  annealing  treatment  turned  the  specimens  with  11,  26  and  43.9  mol  %  Ti02 
compositions  to  white  colour  in  their  whole  section.  The  dimension  of  the  phases  formed  by  the  eutectoid 
reaction  was  not  large  enough  to  allow  chemical  analysis  by  WDX.  Figure  16  represents  the  result  of  a 
heat  treatment  at  1500  °C  for  10  hours  for  the  12,  26  and  43.9  mol  %  Ti02  compositions.  The  WDX 
analysis  showed  that  the  three  samples  were  composed  of  alumina  (grey)  and  Al2Ti05  (white  phase)  after 
this  heat  treatment.  The  Al2Ti05  phase  between  the  A1203  dendrites  in  1 1  mol  %  Ti02  composition  was 
not  any  longer  continuous,  but  composed  of  rounded  grains.  Sample  with  the  26  mol  %  Ti02  composition 
contained  precipitates  of  A1203  that  were  included  in  the  Al2Ti05  phase.  The  Al2TiOs  phase  in  43.9  mol  % 
Ti02  composition  (eutectic  point)  had  a  lamellae  structure  prior  annealing  and  was  aligned  along  the 
growth  direction.  The  high  temperature  annealing  increased  the  width  of  the  Al2TiOs  phase  and  frequency 
of  contacts  with  other  AI2Ti05  lamellae.  Similarly,  the  precipitated  A1203  phase  build  spherical  grains  and 
these  were  aligned  in  rows  parallel  to  the  Al2Ti05  phases. 

The  microstructure  of  the  directionally  solidified  Al203  -  Al6Ti20j3  and  Al6Ti20i3-Al2Ti05  eutectic 
materials  were  controlled  by  the  thermodynamic  conditions  imposed  by  the  Al203  -  Ti02  phase  diagram 
and  kinetic  conditions  of  processing.  Discussion  introduces  the  description  of  Al6Ti2Oi3  phase,  describes 
the  orientation  relationships  between  the  Al6Ti2Oj3  -  Al2Ti05  phases  and  stability  of  phases.  An  outline  of 
modified  phase  diagram  for  the  alumina  rich  side  of  Al203-Ti02  system  is  presented  and  growth 
morphology  is  discussed. 
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4. L  Ch  ar  act  eristics  of  the  new  AUTi20^  Phase 

Fast  solidification  and  steep  temperature  gradients,  imposed  by  laser  heated  floated  zone  method, 
produced  conditions  for  quenching  of  a  high  temperature  aluminium  titanate  phase  of  molar  composition 
Al6Ti20i3.  The  crystal  system  is  orthorhombic  and  cell  parameters  are  a  -  3.65  A  ,  b  -  9.4  A  ,  c  =  12.5  A 
as  determined  by  TEM. 

These  results  are  in  agreement  with  the  work  of  Gobbels  and  Bostrom  [16].  They  described  the  growth 
of  single  crystal  of  aluminium  titanate  phase  from  the  melt  and  suggested  the  molar  formulae 
corresponding  to  Al6Ti2Oi3  as  determined  by  electron  microprobe  analysis.  The  structure  of  this  crystal, 
studied  by  X-ray  diffraction  was  reported  to  be  monoclinic,  space  group  C2  with  cell  parameters  <3=3.635 
A,  6=9.312  A,  c=l 2.469  A  and  /3=90.04°.  Although  TEM  does  not  allow  cell  parameters  to  be  determined 
with  the  same  precision  as  by  x-ray  diffraction  methods,  values  calculated  in  present  investigation  are 
consistent  with  those  presented  by  Gobbels  and  Bostrom.  The  structure  described  by  these  authors  was 
built  by  five  different  octahedra,  from  which  four  were  occupied  either  by  A1  or  Ti  and  one  octahedron 
was  occupied  only  by  Al.  These  octahedra  were  linked  by  their  edges  along  the  c-axis  and  strongly 
distorted.  The  Al6Ti20i3  structure  was  therefore  derived  from  the  pseudo  brookite  structure  by  the 
insertion  of  an  additional  octahedron  in  the  double  chain  running  along  the  c-direction. 

By  the  time  of  the  writing  of  this  article  Norberg  et  al  [  18]  proposed  a  refined  structure  for  Al6Ti2Oi3. 
The  compound  was  obtained  by  solidification  using  an  arc-imaging  furnace.  They  indicated  an 
orthorhombic  structure,  space  group,  Cm2m,  with  cell  parameters  <3=3.65  A,  6=9.368  A,  c=12.555  A.  The 
structure  consists  of  infinite  double  chains  of  polyhedra  running  along  the  c  axis.  These  chains  are  built  up 
by  four  oxygen  octahedra,  strongly  distorted  and  randomly  occupied  by  either  Ti  or  Al,  as  in  the  structure 
suggested  by  Gdbbels  et  al.  These  two  structures  differed  only  in  the  additional  sites  that  are  occupied  by 
aluminum  cations.  The  octahedron  in  the  structure  proposed  by  Gobbels  et  al.  was  replaced  by  a  trigonal 
bipyramid  in  the  structure  that  has  been  proposed  recently  by  Norberg  et  al.  Simulation  of  HREM  images 
of  Al6Ti2Oi3  structure  are  currently  being  calculated  and  our  future  work  will  compare  the  experimental 
images  from  the  structural  study  to  validate  the  formation  of  this  structure. 

4.2.  Orientation  Relationship  and  Intergrowth  of  Al6Ti20n  and  Al2Ti05  Phases 

The  crystals  of  Al6Ti20i3  and  Al2TiOs  are  built  by  double  chains  of  polyhedra  along  the  c  axis  and  have 
very  close  values  for  the  a  and  6  cell  parameters.  As  a  result,  two  cells  could  bond  on  their  (001)  faces 
with  almost  no  atomic  displacements  as  illustrated  in  Fig  17.  This  favors  the  development  of  (001) 
interfaces  and  allows  a  high  degree  of  intergrowth  during  solidification  as  will  be  described. 

The  solidification  of  the  Al-Ti-O  melt  at  the  43.9  mol  %  Ti02  composition  produced  two  phases, 
Al6Ti2Oi3  and  Al2Ti05.  The  a-,  6-,  and  c-  axes  of  Al6Ti2Oi3  and  of  Al2TiOs  phases  were  aligned 
systematically  and  the  cooperative  growth  axis  was  parallel  to  the  [100]  direction  for  both  Al6Ti20i3  and 
Al2Ti05  phases.  The  lamella  long  interfaces  corresponded  to  (001)  planes  of  both  phases. 

In  the  off-eutectic  compositions  Al6Ti2Oi3  /  Al2TiOs  interfaces  were  not  systematically  parallel  to 
(001),  but  could  adopt  random  orientations.  Contrary  to  what  was  obtained  in  the  eutectic  sample,  the 
Al2Ti05  phase  was  not  formed  during  the  solidification  but  rather  it  formed  by  eutectoid  reaction  at  the 
Al6Ti20i3/Al203  interface  region  during  the  cooling  as  will  be  discussed  below.  The  direction  of 
Al2Ti05/Al6Ti20i3  interfaces  was  therefore  strongly  influenced  by  the  direction  of  the  Al6Ti20j3/Al203 
interfaces  formed  during  the  solidification.  However,  the  cells  of  the  two  aluminum  titanate  phases 
(Al6Ti2On  and  Al2Ti05)  were  well  aligned  in  both  the  off  eutectic  samples  as  in  the  eutectic  composition 
sample. 


The  TEM  and  HRTEM  observations  in  off-eutectic  and  eutectic  compositions  showed  that  single 
cells  of  Al2Ti05  were  inserted  between  Al6Ti20i3  cells  by  intergrowth  in  the  [001]  direction  as  illustrated 
in  Fig  13  and  14.  The  intergrowth  for  sample  with  26  mol  %  of  Ti02  was  non  periodic  and  less  frequent 
than  the  sample  with  eutectic  composition  (43.9  mole  %  of  Ti02).  In  the  eutectic  sample  a  periodicity  of 
one  Al2TiC>5  cell  for  five  Al6Ti20i3  cells  ("1 :5")  was  revealed.  The  theoretical  average  composition  of  a 
1 :5  intergrowth  was  calculated  in  Table  1.  The  measured  titanium  content  was  slightly  larger  than  for 
nominal  Al6Ti20i3  composition  (solid  line  in  Fig.  3).  This  slight  excess  of  Ti  that  was  originally 
interpreted  as  being  within  the  uncertainty  of  WDX  measurement  but  this  degree  of  off-stoichiometry 
could  be  accommodated  by  intergrowths  (Table  1). 

Mazerolles  et  al.  [  17]  reported  the  intergrowth  characteristic  between  pseudobrookite  and  related 
phases  for  various  compositions  in  the  region  of  30  to  50  mol%  of  Ti02.  They  observed  two  phases  with 
almost  the  same  a-  and  6-parameters  as  Al2Ti05  but  c  parameters  were  different  for  each  phase,  c  ~  1.24 
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nm  and  c  ~  1.68  nm.  The  molar  formulae  of  these  phases  were  not  specified.  Intergrowth  between  the 
pseudobrookite  and  the  two  related  phases  were  reported.  Along  [001],  blocks  of  AI2Ti05  alternated  with 
blocks  of  the  related  phases.  Various  periodicity  in  the  sequences  of  stacking  were  described  giving  rise  to 
superstructures  with  c  parameters  of  3  nm,  8  nm  or  larger.  Norberg  et  al.  [  18]  have  studied  multiple 
crystalline  fragments  of  Al6Ti2Oi3  by  x-ray  diffraction,  and  could  not  detect  the  third  phase  with  c=1.68 
nm.  However,  These  authors  did  not  exclude  the  formation  a  very  small  volume  of  an  Al-richer 
compound,  undetectable  by  x-ray  diffraction.  In  the  processing  conditions  and  range  of  compositions 
studied  in  the  present  work,  a  third  phase  with  c=1.68  nm  was  not  detected.  The  volume  of  material 
investigated  by  TEM  is  however  not  sufficient  to  exclude  possible  formation  of  this  phase. 

4.3.  Eutectoid  Decomposition 

AI6Ti20i3  is  a  high  temperature  phase  and  was  maintained  as  a  metastable  phase  by  fast  cooling  rate 
used  in  present  work.  AI6Ti20i3  decomposes  by  the  following  eutectoid  reaction: 

AI6Ti2013  ->  AI203  +  2Al2Ti05  (Eq.  2) 

In  the  as  grown  samples  with  1 1  and  26  mol  %  of  Ti02  compositions,  a  thin  layer  of  Al2TiOs  was  detected 
between  of  A1203  and  Al6Ti2Oi3.  This  suggests  that  the  eutectoid  decomposition  reaction  could  take  place 
during  cooling  only  along  the  alumina  dendrites.  The  alumina  dendrites  provided  energetically  favourable 
sites  for  the  exsolution  of  A1203  from  the  Al6Ti2Oi3  phase  on  fast  cooling.  In  the  as  grown  sample  with  the 
43.9  mol  %  Ti02  composition,  the  AI6Ti20i3  and  AI2Ti05  enclosed  each  other  like  interlocking 
microstructure  and  A1203  was  not  expected  to  form  during  the  solidification.  Fast  cooling  below  eutectoid 
decomposition  temperature  did  not  produce  A1203  due  to  absence  of  AI203  seed  that  could  provide  lower 
energy  barrier  for  the  eutectoid  decomposition  of  Al6Ti2Oi3. 

The  temperature  of  1400  °C  was  sufficient  to  produce  significant  reaction  in  the  interdendritic  region  for 
off  eutectic  compositions.  A1203  dendrites  acted  as  a  nucleation  site  for  the  eutectoid  decomposition 
during  post  heat  treatments  as  well  as  during  the  fast  cooling.  In  sample  with  1 1  mol  %  Ti02  composition 
annealed  at  1500°C  for  10  hours,  the  distance  between  two  dendrites  (~2  pm)  was  short  enough  to  allow 
the  diffusion  of  all  exsoluted  aluminum  cations  to  AI203  dendrites.  The  dendrites  grew  and  some  came 
into  contact.  No  nucleation  of  stand-alone  alumina  precipitates  was  observed  between  the  dendrites. 
Interdendritic  regions  contained  only  AI2Ti05  grains.  In  sample  with  26  mol  %  Ti02  composition  the 
distance  between  dendrites  was  too  long  to  permit  a  diffusion  of  all  Al3  towards  Al203  dendrites  and  thus 
A1203  precipitates  were  formed  in  distance  of  a  few  micron  from  these  dendrites  within  AI2Ti05.  Al2TiOs 
next  to  A1203  dendrites  was  mostly  free  of  AI203  precipitates,  Figs.  15  and  16b.  As-grown  sample  with 
43.9  mol  %  Ti02  composition  consisted  of  AI2Ti05  and  AI6Ti2Oi3  lamellae  and  did  not  contain  any  A1203. 
Annealing  caused  the  growth  of  Al2TiOs  lamellae  that  come  into  contact  with  each  other.  A1203  nucleated 
and  grew  between  these  lamellae. 

As-grown  samples  were  dark  blue  for  1 1  m  %  Ti02,  blue  for  26  mol  %  Ti02  and  black  for  43.9  mol  % 
Ti02  compositions.  Ti  has  low  ionization  potential  and  thus  can  have  different  valence  states  in  different 
oxygen  partial  pressure  causing  different  colors.  Although  the  solidification  was  carried  out  in  air,  the 
solidification  rates  were  very  high  and  the  system  was  far  from  equilibrium.  During  the  post  heat 
treatments  outer  rim  regions  turned  to  white  in  10  min  at  1400°C  whereas  phase  distribution  did  not 
change.  The  effect  of  the  Ti  oxidation  state  on  the  formation  of  the  non-equilibrim  phases  is  not  studied  in 
present  work  and  requires  further  investigation. 


4.4.  Modification  of  Phase  Diagram 

Previously  published  phase  diagrams  of  A1203  -  Ti02  system  may  be  summarized  in  three  different  groups 
with  regard  to  Al2TiOs  phase  formation.  The  first  group  [  8,  9]  shows  an  eutectic  between  Al2TiOs  and 
A1203  phases  approximately  44  mol  %  Ti02  and  at  eutectic  temperature  of  1850  °C.  The  Al2TiOs  phase 
crystallises  in  the  pseudobrookite  form  that  is  stable  up  to  temperature  of  1300  °C  below  which  it 
decomposes  into  A1203  and  Ti02  phases.  The  second  group  [10  ,22]  exhibits  an  eutectic  point  between 
Al2TiOs  and  Al203  phases  as  that  of  the  first  group.  However,  two  allotropic  forms  of  aluminum  titanate 
are  reported  and  described  as  alpha  and  beta  Al2Ti05.  The  alpha  Al2TiOs  is  a  high  temperature  form 
which  crystallises  from  the  melt  and  transforms  to  the  stable  beta  or  pseudobrookite  form  at  1820  °C  [  10] 
or  1727  °C  [  22].  The  characterization  of  the  a-AI2Ti05  was  not  possible  due  to  the  impracticality  of 
maintaining  this  form  at  room  temperature.  The  exception  to  all  of  these  above  mentioned  phase  diagrams 
was  the  work  by  D.  Goldberg  [  23,  24],  He  presented  outlines  of  a  phase  diagram  that  does  not  show  any 
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eutectic  structure  in  the  alumina  rich  part.  Goldberg  reported  that  specimens  grown  from  the  melt  in  the 
alumina  rich  part  of  the  phase  diagram  were  composed  of  at  least  two  alumina  rich  aluminum  titanate 
phases  and  he  described  these  phases  as  a'  phases.  The  x-ray  pattern  of  the  a’  phases  and  optical 
micrographs  of  the  eutectoid  reactions  brought  evidences  for  these  high  temperature  phases  but  no  further 
characterization  and  analysis  were  presented.  None  of  these  phase  diagram  studies  were  associated  with 
micro  structural  characterization  and  orientation  relationship  in  the  polyphase  structures. 

Based  on  the  micro  structural  understanding  for  the  development  of  the  AI203,  Al2TiOs  and  Al6Ti20i3 
phases,  it  was  possible  to  re-examine  the  phase  diagram  of  the  A1203  rich  side  of  Al2TiOs  -  A1203  eutectic 
and  compare  with  the  previously  published  phase  diagrams.  Al2TiOs  -  A1203  eutectic  structure  did  not 
solidify  between  Al203  dendrites  for  the  11  and  26  mol  %  Ti02  compositions.  This  is  contrary  to  what 
was  predicted  by  previously  published  phase  diagrams  described  above.  At  the  eutectic  invariant  point 
(43.9  mol  %  Ti02)  the  absence  of  the  A1203  phases  was  noteworthy  given  that  A1203  is  a  very  stable  phase. 
Moreover,  a  high  temperature  aluminum  titanate  phase,  richer  in  alumina  than  Al2TiOs  could  be 
maintained  at  room  temperature  as  described  by  Goldberg  [  24].  Figure  18  presents  the  outline  of  a  phase 
diagram  based  on  the  structural  and  chemical  characterization  of  this  work.  A  deeper  thermodynamical 
analysis  and  phase  equilibrium  study  will  be  required  to  determine  the  exact  temperatures  and 
compositions  of  the  phase  boundaries. 

A  vertical  segment  at  40  mol  %  is  added  on  this  outline  of  phase  diagram  which  represents  the  high 
temperature  ALT^On  phase  between  -1850  and  -1800°C.  The  introduction  of  this  new  compound 
induces  the  insertion  of  a  invariant  point  on  the  liquidus,  that  can  be  either  a  eutectic  point  at  less  than  40 
mol  %  Ti02  or  a  peritectic  point  at  more  than  40  mol%  of  Ti02.  At  the  eutectic  point,  Al6Ti20i3  and  Al203 
would  solidify  simultaneously  whereas  at  the  peritectic  point  the  liquid  would  react  with  alumina  to  form 
Al6Ti20j3.  The  TEM  and  HRTEM  observations  permit  to  choose  between  these  two  hypotheses.  In  the 
case  of  a  eutectic  point  the  samples  ATI  1  and  AT26  would  consist  of  an  alumina  primary  phase 
surrounded  by  Al6Ti20n  and  AI203  eutectic  matrix.  No  alumina  domains  have  been  observed  by  TEM  and 
HRTEM  in  the  Al6Ti2Oi3  matrix.  The  hypothesis  of  a  peritectic  reaction  involves  a  liquid  richer  in  titania 
than  Al6Ti20i3  and  requires  the  migration  of  Ti  and  O  ions  from  this  liquid  into  alumina  and  the 
transformation  into  Al6Ti2Oi3.  This  mechanism  requires  solid  diffusion  of  the  ions  into  alumina  crystal 
and  thus  it  may  be  kinetically  prohibited.  The  fast  solidification  rates  used  in  this  work  might  be 
incompatible  with  a  total  consummation  of  the  excess  Ti  cations  in  the  liquid  by  the  peritectic  reaction  to 
attain  the  AI6Ti2013  composition.  The  HRTEM  observations  of  sample  AT26  have  revealed  a  small  level 
of  intergrowth  of  Al2Ti05  between  Al6Ti20i3.  This  intergrowth  demonstrates  that  solidification  of  a  liquid 
richer  in  titania  than  Al6Ti2013  formed.  The  chemical  shift  was  balanced  by  the  crystallization  of  Al2TiOs, 
phase  richer  in  titania  than  Al6Ti20j3.  The  high  degree  of  resemblance  between  Al2TiOs  and  Al2TiOs 
structures  render  this  intergrowth  as  energetically  favourable.  The  low  density  of  intergrowth  in  AT26 
matrix  supports  a  peritectic  point  close  to  Al6Ti20i3. 

The  sharp  minimum  in  the  liquidus  temperature  at  around  43.9  mol  %  Ti02,  which  was  first  measured 
by  Bunting  [  9]  was  previously  interpreted  as  an  invariant  eutectic  point  between  Al2Ti05  and  Al203.  The 
insertion  of  the  Al6Ti20j3  compound  in  the  phase  diagram  between  Al2TiOs  and  A1203  modifies  the 
constituent  phases  of  the  eutectic  region  which  must  be  formed  between  Al6Ti20j3  and  Al2TiOs.  This 
suggestion  is  further  supported  by  the  structural  analysis  of  sample  solidified  from  a  melt  with  43.9  mol  % 
Ti02  composition.  The  rapid  solidification  did  not  produce  A1203  and  Al2TiOs.  Lamellae  of  Al2TiOs  were 
separated  by  an  aluminium  titanate  superstructure  formed  by  an  intergrowth  between  AUTi20i3  and 
Al2Ti05.  The  average  composition  of  this  superstructure  was  very  close  to  that  of  Al6Ti20i3.  It  is  likely 
that  the  composition  of  sample  43.9  mol  %  Ti02  was  not  strictly  that  of  the  AUTi20i3  -  Al2TiOs  eutectic 
but  slightly  richer  in  Ti02.  The  eutectic  invariant  point  has  been  placed  around  43.5  mol  %  Ti02  as  shown 
in  Fig.  18.  This  small  difference  in  composition  was  accommodated  by  the  intergrowth  of  Al2TiOs. 
Another  possibility  that  requires  discussion  is  that  Al2TiOs  solidified  first  leaving  a  eutectic  liquid  of 
composition  close  to  5  Al6Ti20]3:  lAl2Ti05.  This  is  unlikely  because  the  eutectic  would  be  almost 
superimposed  with  the  peritectic. 

4.5  Growth  Morphology 

In  the  off-eutectic  compositions,  12  and  26  mol  %  Ti02,  the  volume  fractions  of  primary  dendrites  in 
the  outer  rims  were  higher  than  in  the  core  region  (Figs.  4c,  5b).  This  feature  was  extreme  for  the  26  mol 
%  Ti02  composition,  in  which  most  dendrites  were  practically  in  contact  with  each  other  (Fig.  5b).  The 
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rate  of  heat  removal  from  the  molten  zone  surface  at  the  liquid-solid  interface  is  considerably  higher  than 
in  the  interior  which  produces  the  observed  micro  structural  differences.  The  solidification  reaction  of  this 
system  can  be  further  explained  by  considering  the  kinetics  of  the  process  and  nucleation  frequency  of  the 
AI203  phase.  The  effect  of  concentration  of  AI2O3  dendrites  at  the  outer  rim  region  to  build  a  skin  layer  is 
twofold.  First,  the  large  central  region  is  composed  of  smaller  AI2O3  dendrites  since  the  overall 
composition  of  the  liquid  is  richer  in  titanium  and  microstructure  adapts  to  reflect  the  compositional 
modification.  Second,  the  mechanical  properties  are  strongly  affected  from  the  formation  of  rim  region 
containing  primarily  AI203  dendrites  as  has  been  discussed  in  an  accompanying  report  [  15].  The 
comparison  of  micro  structures  obtained  at  compositions  at  1 1  and  26  mol  %  Ti(>2  convey  additional 
information  about  the  A1203  dendrites.  Unlike  the  process  of  lamellar  growth,  the  A1203  dendrites  do  not 
grow  exactly  normal  to  the  moving  interface  and  not  exactly  parallel  to  each  other  either.  The  AI203 
dendrites  diverge  as  they  solidify  as  shown  in  Figs.  4a  and  5a  and  grow  in  direction  of  local  gradient 
maximum.  If  the  interphase  spacing  between  AI203  dendrites  becomes  greater  than  that  of  the  imposed 
growth  rate,  a  new  AI2O3  dendrite  has  to  nucleate  in  the  region  between  them.  Conversely,  if  two  AI2O3 
dendrites  approach  each  other  on  the  interface,  one  phase  must  be  terminated  due  to  an  insufficient  supply 
of  cations  in  the  liquid,  for  example  Al3+.  The  thickness  and  lateral  spacing  of  the  A1203  dendrites  was 
determined  by  the  growth  rate,  and  their  length  was  determined  by  the  convergence  of  two  phases  at  the 
interface.  This  representation  was  in  agreement  with  the  SEM  observations  in  Figs.  4  and  5,  so  that 
solidification  was  a  constantly  repeating  cycle  of  nucleation  of  A1203  dendrites  whenever  necessary  to 
keep  the  interphase  spacing  at  the  required  value.  The  AI6Ti20i3  phase,  which  solidifies  between  the 
primary  dendrites  keep  the  [100]  direction  as  growth  axis  whereas  the  dendrites  change  their  orientations 
with  respect  to  the  growth  axis.  Therefore,  no  systematic  orientation  relationship  was  observed  between 
AI6Ti20i3  and  AI2O3.  In  addition,  the  A^TiOs  layer  formed  at  AUT^C^/A^Cb  interfaces  during  cooling 
has  the  tendency  to  follow  the  curved  surface  of  the  dendrites  as  seen  in  Fig  5c  and  7.  As  a  result,  the 
interfaces  separating  AI2Ti05  and  AUT^On  could  adopt  random  orientations  although  the  cells  of  the  two 
aluminum  titanate  were  aligned. 

The  solidification  characteristic  of  AI2O3  -  AI6Ti2013  system  for  the  AT26  (26  m  %  Ti02)  composition 
was  controlled  more  by  the  efficacy  of  heterogeneous  nucleation  centers  in  the  liquid  than  by  any  other 
factors.  Under  the  fast  solidification  conditions  applied  in  the  present  investigation,  AI2O3  dendrites  grew 
ahead  of  the  liquid,  as  it  is  apparent  from  the  formation  of  well  developed  AI2O3  dendrites  (Fig.  5).  An 
increase  of  Ti02  content  for  the  ATI  1  (1 1  m  %  Ti‘02)  decreased  the  extension  of  dendrites  into  the  liquid 
as  observed  from  SEM  micrographs  of  longitudinal  sections  revealing  short  dendrites.  To  understand  the 
shortening  of  the  AI203  dendrite  length,  it  is  more  pertinent  to  compare  the  temperature  gradient  for  the 
different  compositions.  An  increase  of  Ti02  concentration  required  a  larger  amount  of  heat  to  melt  an 
equivalent  amount  of  molten  zone  compared  to  AI2O3  rich  region.  The  additional  amount  of  heat 
requirement  for  increased  Ti02  content  was  an  indication  for  the  modification  of  the  thermal  gradient  in 
radial  and  axial  direction  of  the  molten  zone.  This  alteration  of  the  thermal  gradient  also  contributed  for 
the  shortening  of  the  AI2O3  dendrite  length. 

The  lamellae  morphology  is  produced  during  the  directional  solidification  from  a  melt  of  43.9  %  Ti02 
(close  to  eutectic  invariant  point).  The  width  of  the  lamellae  is  fixed  by  the  growth  rate  and  thermal 
gradient.  These  lamellae  are  arranged  into  colonies.  The  colonies  have  their  a  directions  parallel  to  the 
growth  axis  and  rotations  of  the  b  and  c  directions  were  observed  from  one  colony  to  the  other.  The 
absence  of  cracks  at  the  lamellae  interfaces  indicated  similar  coefficient  of  thermal  expansion  of  the 
AI6Ti20i3  and  A^TiOs  phases  and  no  thermal  mismatch  occurred  if  the  phases  were  oriented  the  same 
way.  Each  colony  can  be  considered  as  a  single  crystal  entity  as  far  as  their  thermal  expansion  behavior  is 
concerned.  However,  the  strong  difference  in  the  ab  and  0^  coefficient  leads  to  a  decohesion  at  the  colony 
boundaries  as  illustrated  in  Figure  lb. 

Summary  of  Results  and  Conclusions 

Directional  solidification  characteristics  of  Al203-Ti02  melts  withl  1, 26,  43.9  mole  %  of  Ti02  content 
were  investigated  using  laser  heated  float  zone  method.  Based  on  micro  structural  characterization  using 
XRD,  WDX,  SEM,  HRTEM  and  STEM-EDX  analyses  we  had  the  following  conclusions. 
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No  Al203-Al2Ti05  eutectic  was  formed  for  any  compositions  studied.  Even  though,  previous  phase 
diagrams  suggests  formation  of  Al203-AI2Ti05  eutectic  for  43.9  mol.  %  Ti02  and  formation  of 
primary  AI203  dendrites  for  off  eutectic  compositions,  1 1  and  26  mol  %  Ti02. 

An  additional  phase  Al6Ti2Oi3  was  crystallized  that  was  not  previously  predicted  by  the  phase 
diagrams.  The  AI6Ti2Oi3  phase  have  a  and  b  parameters  analogous  to  that  of  Al2TiOs  and  c  was 
equal  to  ~5/4  that  of  Al2TiOs.  Alignment  of  the  ALTi2Oi3  and  AI2Ti05  cell  base  vectors  was 
systematically  observed. 

The  solidification  of  the  1 1  and  26  mol.%  Ti02  melt  produced  alumina  primary  dendrites  separated 
by  Al6Ti2Oi3  matrix.  An  Al2Ti05  interphase  was  formed  during  fast  cooling  between  Al6Ti2Oi3  and 
A1203  from  the  Al6Ti2Oi3  matrix.  The  solidification  of  the  43.9  mol.  %  Ti02  produced  a  lamellae 
structure  composed  of  Al2TiOs  and  an  aluminum  titanate  superstructure  that  consist  of  intergrowth 
in  the  [001]  direction  (one  AI2Ti05  cell  for  five  Al6Ti2Oi3  cells). 

Post  heat  treatment  at  1400°C  decomposed  Al6Ti2Oi3  into  Al203and  Al2Ti05  by  a  eutectoid  reaction. 
This  solid-state  reaction  could  not  take  place  during  laser  processing  of  the  materials  due  to  the  rapid 
cooling  rates,  except  locally  around  alumina  dendrites,  which  offered  energetically  favourable 
nucleation  sites  for  the  decomposition. 

Based  on  these  observations  an  outline  of  a  new  phase  diagram  was  proposed  for  the  A1203  rich  side 
of  A1203  -  Ti02  system.  Accordingly,  line  compound  Al6Ti2Oi3  formed  as  a  high  temperature 
phase  at  40  mol.%  Ti02  and  defined  new  phase  fields  at  high  temperatures.  The  eutectic  invariant 
point  is  at  -  43.5  %  Ti02  between  Al6Ti20j3  and  Al2Ti05  phases.  A  peritectic  point  was  suggested 
between  Al6Ti2Oi3  and  the  Al6Ti20i3-Al2Ti05  eutectic. 

The  experimental  investigation  of  directionally  solidified  structures  presented  in  this  work  provided 
an  understanding  of  dendrite  or  lamellae  structures,  orientation  relationship  and  crystallography  of 
the  interfaces.  The  morphology  for  the  43.9  mole  %  Ti02  composition  can  be  described  as 
continuous  Al2Ti05  lamellae  surrounded  by  intergrowth  of  Al2Ti05/Al6Ti20i3  (~1:5)  matrix  phase. 
These  were  assembled  into  colonies  and  grew  along  [100].  Rotations  of  [010]  and  [001]  directions 
were  seen  from  one  colony  to  another.  Colony  boundaries  had  cracks  due  to  thermal  expansion 
mismatch.  The  directions  of  the  A1203  dendrites  principal  axes  for  the  11  and  26  mol.  %  Ti02 
compositions  were  not  systematically  aligned  to  the  growth  axis  and  differed  in  the  same  sample. 
The  growth  axis  of  Al6Ti2Oi3  matrix  was  [100]. 

As  a  future  perspective,  these  results  and  proposed  modification  of  phase  diagram  supplied  sufficient 
knowledge  base  to  elucidate  the  microstructure  of  the  directionally  solidified  ceramics  in  conjunction  with 
the  growth  conditions  that  can  be  further  utilized  with  other  systems  containing  pseudobrookite  structure. 
A  general  discussion  of  eutectic  phenomena  was  presented  in  order  to  convey  that  the  experimental  results 
can  be  extended  to  wide  range  of  systems  with  microcracked  matrix  and  weak  interfaces  to  engineer  strong 
and  tough  structural  materials.  The  proposed  microcracked  toughening  mechanism  of  cellular  growth  and 
off-eutectic  solidification  have  not  been  previously  explored  for  ceramics  and  may  in  fact  be  relevant  for 
other  DSE  systems. 
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Composition 


A1  wt  %  Ti  wt  %  0  wt  % 


Al2Ti05  (=2Al203.lTi02) 
Al6Ti20,3  (=3Al203.2Ti02) 
5  Al6Ti20,3  /  1  Al2Ti05 


29.68 

26.33 

44.00 

34.77 

20.56 

44.67 

34.40 

20.98 

44.62 

Table  1  :  Nominal  compositions  in  weight  %  of  the  aluminum  titanates  that  formed  during 


50pm _ AT  44  Long} _ m  50pm _ AT  44  Trans 


a)  b) 

Figure  1:  Sample  AT44  (43.9  mol%  TiCb):  a)  SEM  image  of  a  longitudinal  section  exhibiting 
continuous  bright  lamelae  in  a  dark  matrix,  b)  Optical  image  of  a  transverse  section  showing 
discontinuous  lamellae  arranged  in  colonies  of  distinct  orientations.  Cracks  separate  the  colonies 


Figure  2:  X-ray  diffraction  spectra  of  AT44,  AT26  and  ATI  1 ,  compared  with  peak  positions  of  a 
Ab03  (black  lines)  and  P-AFTiOs  (grey  lines  JCPDF  41-0258  space  groupe  Bbmm)  Peaks 
labelled  are  those  of  CX-AI2O3,  only  the  peak  labelled  “A”  could  be  indexed  as  020  (using 
equivalent  space  group  Cmcm  see  foot  note)  of  the  P-AhTiOs  phase  those  labelled  “v”show 
significant  shift  from  the  P-AbTiO?  diffraction  peaks. 
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Figure  3  :  WDX  profile  on  sample  AT44  measured  between  points  1  and  2  on  top  SEM  image. 
Symbols  indicate  measurements  for  O  (•),  A1  (♦)  and  Ti  (■).  Horizontal  lines  correspond  to 
calculated  weight  percentages  in  Ti,  Al,  O  for  AUT^On  (solid  lines)  and  for  AETiOs  (dotted 
lines) 
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Figure  4:  SEM  images  of  sample  ATI  1  (1 1  mol  %  Ti02).  a,  b)  :Longitudinal  sections  showing 
variation  in  the  orientation  of  the  dendrites  (a)  except  close  to  the  core  of  the  sample  (b)  where  the 
dendrites  are  aligned  along  the  growth  axis.  c,d)  Transverse  section  showing  outer  rim  with 
closely  packed  dendrites  (c),  and  core  region  (d). 
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Figure  5:  SEM  images  of  sample  AT26  (26  mol  %  Ti02)  a)  longitudinal  and  b)  transverse 
sections  showing  closely  packed  dendrites  in  the  outer  rim  an  variation  of  the  orientation  of  the 
dendrites,  c)  A  whiter  interphase  is  observed  (arrows)  between  dendrites  and  matrix. 
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Figure  6  WDX  profile  on  sample  AT26  measured  between  points  1  and  2  on  top  SEM  image. 
Symbols  indicate  measurements  for  O  (•),  A1  (♦)  and  Ti  (■).  Horizontal  lines  correspond  to 
calculated  weight  percentages  in  Ti,  Al,  O  for  A^TijOn  (solid  lines).  The  average  composition  of 
the  Al-Ti-0  phase  determined  by  this  method  was  21  wt  %  Ti;  35  wt  %  Al  and  45  wt  %  O,  adding 
up  101  wt  %. 
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Figure  7  :  a)  TEM  micrograph  showing  a  AI2O3  dendrite  edge  (right)  and  the  AlgT^On  phase 
(left)  and  an  interphase.  The  double  arrow  locates  a  region  of  AETiOs  intergrowth, 
b)  STEM-EDX  profile  recorded  on  the  line  shown  on  the  micrograph  to  follow  qualitatively  the 
variations  of  O  (•),  A1  (♦)  and  Ti  (■)  in  the  interphase  region. 
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Figure  8:  High  resolution  TEM  images  of  a)  AbTiOs  and  b)  AUTfeOu  both  in  [100]  zone  axis. 
Solid  lines  illustrate  the  relation  5d001  ^  TjO5"^^00l',Al,  Ti  o  c)  SAD  pattern  of  AUT^Ou  in  [100] 

zone  axis. 
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Fig  9:  a)  TEM  image  of  a  cross  section  of  the  alumina  rich  sample  ATI  1.  b).  The  STEM-EDX. 
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b 

Figure  10:  (a)  High  resolution  image  of  AT44  in  [001]  zone  axis  across  a  Al2TiOs  and  AUTfeOn 
interface  b)  associated  FFT:  the  110  reflections  for  AI2T1O5  and  AlgTijOi;,  do  not  overlap. 
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Fig  1 1  :  AUT^Ou  /  AbTiOs  /AI2O3  region  in  sample  AT26.  AUT^On  and  A^TiOs  are  in  [100] 
zone  axis.  White  arrows  show  (001)  planes  of  A^TiOs  that  terminate  at  the  AUT^O^A^TiOs 
interface  to  accommodate  misfit  between  in  ter- reticular  distances  of  (001)  planes  of  the  two 
phases.  Other  planes  are  continuous  across  the  AUTfeO^/AkTiOs  interface. 
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Fig  12:  AlgT^On  /  AkTiOs/AfeOj  region  in  sample  AT26  and  corresponding  FFT  pattern. 
Aluminum  titanates  are  in  [100]  zone  axis  and  alumina  in  [10-1 1]  zone  axis.  Interfaces  are  curved 
and  not  observed  edge  on. 
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Figure  13:  a)  Interface  region  between  lamella  (right)  and  matrix  (left)  in  sample  AT44  observed 
in  [100]  zone  axis  (=  growth  axis),  b)  FTT  of  the  matrix  region  b)  FFT  of  the  lamella  region. 
Intergrowth  of  AFTiOs  and  AUTbOn  is  observed  in  the  matrix  region.  The  FFT  shows 
superlattice  reflections  at  1/7  nm'1  corresponding  to  a  mean  periodicity  of  one  block  AFTiOs 
inserted  every  five  blocks  of  AlfiTfeOu  .  d)  detail  of  the  matrix  region  showing  one  AFTiOs  block 
(O)  every  fiveor  four  blocks  of  AFTFOn. 
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Fig  14  :  Insertion  of  a  single  layer  of  A^TiOs  (9.6  A  )  (arrowed)  between  AUT^Ou  layers  (12.5 
A)  matrix  in  sample  AT26. 
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Figure  15  Optical  image  of  sample  AT26  annealed  for  5  hours  at  1400°C:  eutectoid  reaction 
occurred  in  the  AUTfeOtf  matrix  to  form  AbTiOs  matrix(light  grey)  and  AI2O3  precipitates  (dark 
grey).  Arrow  shows  a  layer  surrounding  the  dendrite  that  does  not  enclose  alumina  precipitates. 


Figure  16  :  SEM  images  of  the  three  compositions  annealed  for  10  hours  at  1500°C.  The  samples 
consist  of  AI2O3  (darker  phase)  and  AfeTiOs  (brighter  phase),  a)  AT11:  A^TiOs  grains  between 
AI2O3  dendrites,  b)  AT26:  AI2O3  dendrites,  AI2O3  precipitates  included  in  A^TiOs  phase,  c) 
AT44:  A^TiOs  lamellae  in  contact  to  each  other,  precipitates  of  AI2O3  aligned  in  rows  parallel  to 
the  AI2T1O5. 
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Fig  17:  Insertion  of  a  AFTiOs  layer  between  two  AUTfeOn  layers  (structure  of  A^T^On  from 
Norberg  et  al.  [18]). 
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Figure  18:  Suggested  modification  for  A^Ch-rich  part  of  the  A^Ch-TiC^  phase  diagram. 
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Fig.  19 


Specific  heat  capacity  of  LaB6-ZrB2  eutectic. 


Fig.  20  Thermal  conductivity  of  LaBs-ZrB2  eutectic. 
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Fig.2 1  Coefficient  of  linear  thermal  expansion  coefficient  of  LaB6-ZrB2  eutectic. 


Strain,  in.  in 

Fig.22  Test  geometry  and  tensile  strength  of  LaB6-ZrB2  eutectic. 
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Fig.23  Fracture  surface  of  LaB6-ZrB2  eutectic  after  uniaxial  tensile  test. 
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